To investigate the relationship between faecal calcium (Ca) and phosphorus (P) excretion in different mammalian species, a meta-analysis on digestibility data derived from the literature was conducted. Seventy-three studies on carnivores, omnivores, large and small hindgut fermenters, ruminants and hippos (a total of 21 mammalian species, precondition for inclusion dietary Ca/P ratio 1.5/1 -3.0/1) were analysed for Ca and P digestibility. Dietary Ca/P ratios were lower than faecal Ca/P ratios in carnivores, omnivores, ruminants and hippos. In hindgut fermenters, dietary Ca/P ratios were higher than faecal Ca/P ratios, indicating higher intestinal Ca absorption in these species. In all species investigated, there was a significant positive relationship between Ca intake and faecal Ca excretion and between P intake and faecal P excretion. In the biologically relevant range, these equations predicted lower faecal Ca losses in hindgut fermenters than ruminants, for faecal P vice versa. In all species, faecal Ca and P excretion correlated significantly. In carnivores, this highly linear correlation was exceptionally strong (R² = .92). Yet, the linearity of the correlation was questionable in omnivores and ruminants. Possibly, the strong linear correlation of faecal Ca and P excretion in carnivores is due to the formation of insoluble Ca/P complexes in their relatively short and simple gastrointestinal tract. Another hypothesis is that in carnivores, Ca homeostasis relies on modifying bone turnover to a higher degree than on changes in intestinal Ca absorption. For the formation of bone matrix, a constant ratio of Ca and P absorption is of advantage.
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to microbial mass. Herbivorous species would therefore excrete relatively more P from microbiota via faeces than carnivorous species with less intestinal microbial activity.
In hindgut fermenting herbivores, efficient Ca absorption in the small intestine is presumed to render P available for microbial fermentation in the large intestine (Clauss, Lang-Deuerling, Kienzle, Medici, & Hummel, 2009; Clauss et al., 2007; Hagen, Tschudin, Liesegang, Hatt, & Clauss, 2015) . Hindgut fermenters regulate Ca homeostasis by excreting Ca via urine; faecal Ca concentrations are therefore lower, and apparent digestibility coefficients for Ca are typically high. Therefore, their efficient Ca absorption should result in a steeper slope of the regression line between faecal Ca excretion and faecal P excretion when compared to other species. Schryver, Foose, Williams, and Hintz (1983) presented Ca and P balance data in support of this assumption.
Ruminants may be different because they recycle P into the rumen via saliva to provide P to their micro-organisms (Dias et al., 2009; Engelhardt & Breves, 2005 ) and therefore might not need to remove Ca from the digestive tract; their faeces typically contain higher Ca concentrations and Ca/P ratios than those of hindgut fermenters (Schryver et al., 1983) . In addition, in ruminants, renal P excretion shows considerable interindividual variation that appears to be higher than in other species (Taube, 2006; Taube, Rohn, Kreienbrock, & Kamphues, 2010) . Both could affect the relationship between faecal Ca and P excretion.
One factor that may be of relevance with respect to faecal Ca and P ratios is bone turnover. To maintain physiologic Ca and P blood levels, mammals can either directly rely on absorption from the gastrointestinal tract or they can use their osseous tissue stores (i.e., change their bone turnover). Changes in bone turnover set free, or remove, both Ca and P in a fixed ratio, respectively, from the serum. Therefore, the species-specific quantitative importance of bone turnover for Ca and P homeostasis may play an important role for the stability of the ratio of faecal Ca and P excretion. Species that rely more on bone turnover should be less prone to variation in faecal Ca/P excretion within certain limits of dietary Ca/P ratios.
On the other hand, species that rely more on changes in gastrointestinal absorption of Ca and P to regulate homeostasis should display a larger range of faecal Ca/P ratios. There is some evidence that species-specific differences in the use of bone turnover for Ca/P homeostasis may exist. For example, in dogs, bone turnover appears to have a very high priority in the regulation of Ca homeostasis (Schmitt et al., 2017) , whereas in rats, finely tuned vitamin Ddependent regulation of intestinal Ca absorption (Freund & Bronner, 1975) seems to be at least as important as allocating Ca from the skeleton (Garcia-Lopez & Miller, 1991) .
We aimed to investigate quantitative aspects of faecal Ca and P excretion in relation to dietary intakes in various mammalian species.
In doing so, our aim was to classify animals into groups according to their digestive physiology and to gain further insights into comparative mechanisms of Ca and P metabolism by comparing correlations between dietary intake and faecal excretion of Ca and P as well as of faecal Ca and P excretion.
| MATERIALS AND METHODS

| Data collection
The analysed studies were collected mostly from the databases Animal Production Database, CAB Abstracts, Google Scholar, Medline, PubMed, Science Direct and directly from the online archives of several nutrition journals. Keywords in the search were among others: calcium digestibility, phosphorus digestibility, mineral digestibility, mineral availability, combinations of the latter and also combinations with addition of the target species. Horse data were taken from a previous meta-analysis (Kienzle & Burger, 2011) .
Of the search results, only those articles were included into the meta-analysis that contained complete data sets of a digestion trial in adult animals with body weight (BW), dietary calcium and phosphorus concentrations, calcium and phosphorus intake, apparent digestibility and faecal excretion, or where a calculation of these parameters was possible.
Data on 21 species, stemming from 73 studies, were included in this meta-analysis (a complete literature list is given in the online Data S1). Due to the wide range of studies and trials, both observations on individuals and group means were included. 
| Data handling and statistics
For comparison of regression lines, observations from trials with a dietary Ca/P ratio from 1.5/1 to 3.0/1 were selected. Extreme cases, such as experiments using very unusual mineral sources (e.g., porous concrete in chinchillas as in Hansen, 2012) and the use of phytase-supplemented diets in pigs, were excluded from statistical analyses. Some outliers with values differing from the mean by more than two times the standard deviation (SD) were excluded from statistical operations (Cheeke & Amberg, 1973; Goss & Schmidt, 1930; Schwarm, 2004 
| RESULTS
There were significant differences in dietary and faecal Ca/P ratios between the species groups (p < .05, Table 1 ). Carnivores and omnivores had lower dietary Ca/P ratios than herbivores. Ruminants, hippos and carnivores had higher faecal Ca/P ratios as compared to hindgut fermenters and omnivores. In carnivores and omnivores, faecal Ca/P ratios were higher than dietary Ca/P ratios, whereas in hindgut fermenters, Ca/P ratios were lower in faeces than in the diets. In ruminants and hippos, faecal Ca/P ratios were numerically higher than dietary Ca/P ratios, but the difference was not as high as in carnivores, and the confidence interval for the difference included zero.
In all species, there was a significant positive relationship between calcium intake and faecal calcium excretion as well as between phosphorus intake and faecal phosphorus excretion (Figures 1 and 2 ).
Hindgut fermenters and ruminants did not differ significantly in the slopes of the regression lines of Ca intake plotted against faecal Ca excretion (Table 2 ). There were significant differences (p < .05) between carnivores and omnivores, with a higher slope for the carnivores. Omnivores had a lower slope, and carnivores had a higher slope than hindgut fermenters and ruminants. The slope of the regression equation between Ca intake and faecal Ca excretion in hippos was numerically even higher than in carnivores. The difference between the omnivores and the ruminants was significant ( Table 2 ). The comparison of the slopes of the regression lines of P intake plotted against faecal P excretion is given in Table 3 . The slope of the regression equation was lower in ruminants compared to all other species groups except the hippos. Figure 3 shows that across all species, there was a positive relationship between faecal calcium and phosphorus excretion (Table 4) .
Omnivores had the steepest slopes, carnivores and hindgut fermenters had lower slopes, and ruminants and hippos had the lowest slopes.
| DISCUSSION
Quantitative differences between species groups' major pathways of Ca and P excretion can be demonstrated comparing the regression lines of Ca intake vs. faecal Ca, P intake vs. faecal P and faecal Ca vs.
faecal P excretion by means of their slopes.
It was hypothesized that microbial mass may be correlated with faecal P excretion due to its binding of intestinal P. In carnivores, intestinal microbial mass is presumably smaller and therefore has probably only limited effect on faecal P excretion. This is different in ruminants, where a substantial amount of P is bound to microbial nucleic acids and phospholipids (reviewed by Ternouth, 1990) . Comparing the regression lines of P intake vs. faecal P excretion of carnivores and ruminants, a significant difference could be observed (Table 3) . Contrary to what was expected, ruminants showed lower slopes and therefore relatively less faecal P excretion than carnivores. This may be explained with efficient P recycling in the gastrointestinal tract of ruminants and an alternative way of excretion of surplus P via urine as discussed by T A B L E 1 Mean dietary and faecal Ca/P ratios and their differences in various species groups Bravo, Sauvant, Bogaert, and Meschy (2003) . Also, in this respect, carnivores and omnivores did not differ significantly from hindgut fermenters, even though the latter have a substantial microbial mass in the hindgut. Therefore, it seems unlikely that intestinal microbial mass has a major quantitative impact on faecal P excretion. P supply was well above requirements in many studies used. Possibly, the abundant P supply in the observations included in this meta-analysis masks any potential effect of microbially bound P on overall P excretion. Another explanation could be that while ruminants' and hindgut fermenters' ingesta contain more microbially bound P, phytate-bound P will pass the intestinal tract of carnivores and omnivores mostly unutilized (reviewed by Humer et al., 2015) .
As expected, hindgut fermenters had significantly steeper slopes of the regression lines of faecal Ca vs. faecal P excretion than ruminants, which excrete relatively less faecal P (Table 4) . The difference between these herbivorous species groups can also be quantified by evaluating dietary and faecal Ca/P ratios. Schryver et al. (1983) found that ruminant herbivores excrete faeces higher in Ca and Ca/P ratio than equids, tapirs, rhinoceroses and elephants. The results of the present meta-analysis are in accordance with this (Table 1) . Ruminants and hippos show markedly higher faecal than dietary Ca/P ratios while hindgut fermenters' faecal Ca/P ratios are lower than the dietary ratios. This trend was also observed by Hintz, Sedgewick, and Schryver Kienzle & Burger, 2011) . Thus, if the Ca concentration is already decreased in the hindgut, less insoluble Ca/P complexes will be formed in the hindgut. This is presumed to make P available to the hindgut microbiome (Clauss & Hummel, 2008) and therefore facilitate fermentation. In contrast to hindgut fermenters, ruminants excrete only small amounts of Ca via urine, and the amount of Ca excreted renally does not depend on dietary Ca intake (reviewed by Stanik, 2006; Braithwaite & Riazuddin, 1971) . The regression equations given in Table 2 support these theories by predicting higher faecal Ca excretions for ruminants than for large hindgut fermenters within a range of Ca intake between zero and 4,127 mg/kg BW 0.75 where the regression equations cross each other. The upper limit of this range is unlikely to be biologically relevant. The regression equation for small hindgut fermenters predicts lower faecal calcium excretion than in ruminants in all ranges of intake.
In confirmation of the hypothesis formulated in the introduction, the predicted faecal P excretion is lower for ruminants than that for large hindgut fermenters provided the P intake is above 134 mg/kg Faecal excretion is believed to be the main pathway of P excretion in adult ruminants (Huber, 2003) . Yet, the true P digestibility of 67% according to the regression equation in Table 3 ( 1964) is as follows: true digestibility in % = (1 − slope) × 100) is higher than in all other species groups investigated. It is known that individual differences in renal P excretion are higher in beef cattle (Taube et al., 2010) and sheep (Field, Kamphues, & Woolliams, 1983) than in other domestic mammals, possibly due to genetic influences (Ternouth, 1990) . Given the high P digestibility the interpretation by Bravo et al. (2003) that renal excretion serves as an alternative pathway of P excretion in ruminants seems to be plausible.
In the group of carnivores tested in this study, faecal Ca/P ratios were clearly higher than the dietary Ca/P ratios (2.17 as compared to 1.31; see Table 1 ), suggesting higher P absorption in relation to Ca absorption. Additionally, there was a strong linear correlation of Ca intake and faecal Ca excretion in these carnivores (see Table 2 ).
This indicates that contrary to former theories (Gershoff, Legg, & Hegsted, 1958) , adult cats and dogs do not seem to be able to efficiently decrease the percentage of intestinally absorbed Ca dependent on Ca supply as already shown by Mack et al. (2015) . Unlike hindgut fermenters, carnivores do not excrete significant amounts of Ca via urine. Urinary excretion of a constant, small amount of Ca in dogs (Chen & Neuman, 1955) and cats (Passlack & Zentek, 2013 ) is not correlated with dietary Ca intake. P homeostasis on the other hand is also regulated by renal excretion in dogs (Pitts & Alexander, 1944) and cats (Dobenecker, Webel, Reese, & Kienzle, 2017; Pessinger, 1996) . An inverse plasma Ca/P balance stimulates PTH-mediated P excretion via urine (García-Rodríguez et al., 2003; Hogben & Bollman, 1951) . In carnivores, the linear correlation between faecal Ca excretion and faecal P excretion with minimum variance (see Table 4 ) shows that in these species, the absorption of both minerals happens in a more constant ratio than in the other species groups investigated.
In omnivores, the linearity of the regressions between Ca intake and faecal Ca excretion as well as between P intake and faecal P excretion is questionable. Like in carnivores, the faecal Ca/P ratio is clearly higher than the dietary ratio (1.90 as compared to 1.31; Table 1 ), suggesting a higher absorption of P than Ca. Although a regression between faecal Ca and P could be established, it proved not to be very strong in omnivores (Table 4) . This may be due to the influence of a higher diversity of possible mechanisms involved in regulating Ca and P homeostasis in omnivores, especially as compared to carnivores. In the species investigated in the omnivore group, renal Ca excretion does not play a significant role (Cheeke & Amberg, 1973) . By contrast, renal P excretion contributes to maintaining P homeostasis in a larger percentage (Hagemoser, Goff, Sanderson, & Haynes, 2000; . Active regulation of intestinal Ca and P absorption may possibly be more efficient in omnivores than in carnivores. An up-regulation of intestinal Ca and P absorption has been observed in adaptation to low Ca diets in growing rats (Armbrecht, Zenser, Gross, & Davis, 1980) . Low Ca diets (40% of National Research
Council, 1978 requirement) resulted in lower bone Ca contents and also higher intestinal Ca absorption in rats as compared to a diet meeting 100% of Ca requirement (Garcia-Lopez & Miller, 1991) . In addition, phytate as a chelate-forming agent limits P availability in typically grain-based omnivore diets (Humer et al., 2015) and also often carnivore diets in captivity. While ruminants and hindgut fermenters are able to utilize phytate-P to a reasonable degree by microbial enzymatic degradation in their respective fermentation chambers (Matsui et al., 1999; Raun, Cheng, & Burroughs, 1956 ), omnivores lack the necessary microbiota for phytate degradation.
The observations analysed in the present study only consisted of trials without supplemental microbial phytase, so it can be assumed that dietary phytate content has considerable impact on faecal P excretion in the omnivore group investigated.
Another factor influencing the availability of Ca and P is the formation of insoluble Ca/P complexes (Hurwitz & Bar, 1971; Mack et al., 2015; Pastoor, Van't Klooster, Mathot, & Beynen, 1994) . Due to the different anatomy and physiology of the gastrointestinal tract of the species groups investigated, the impact of Ca/P complexes can be expected to be quite different. In the comparably short and simple gastrointestinal tract of carnivores and omnivores (Stevens & Hume, 1998) , these complexes most likely influence Ca and P availability to a higher degree than it can be expected in the more complex gastrointestinal tract of herbivores. It has been shown that high dietary Ca concentrations decrease P digestibility in dogs (Dobenecker, 2002; Jenkins & Phillips, 1960) and cats (Pastoor, 1993; Pessinger, 1996) .
Ca 3 (PO 4 ) 2 is the most likely Ca/P compound to precipitate in the intestine. The ratio of the atomic weights of Ca and P is 120.3/62.0 = 1.9; thus, a regression equation for faecal P in the form of this molecule would be y = 0.52 × x with y standing for faecal P excretion and x for faecal Ca excretion. The regression equation derived from the carnivore data ( (−48.32; 43.60) .73
Means in the same column not sharing a superscript are significantly different (p < .05). LHF, large hindgut fermenters; SHF, small hindgut fermenters.
complex in these species. These findings are similar to what Humer et al. (2015) interpreted from findings of Hurwitz and Bar (1971) It is current knowledge that in most mammalian species, bones are reservoirs for Ca and P. Bone turnover is, in varying degrees, involved in rendering these minerals available in times of high requirement (Damir et al., 1994; Glade, 1993; Nakamura, Suzuki, Hirai, Kurokawa, & Orimo, 1992) . There are, however, differences between species as to how important bone turnover is for Ca homeostasis. In growing and mature rats, bone turnover is one of several mechanisms of maintaining Ca homeostasis (Talbott, Rothkopf, & Shapses, 1998) . It has already been demonstrated that bone turnover is active in mature dogs (Kallfelz & Wentworth, 1969) and that in lactating bitches, the mobilization of Ca from the skeleton is more efficient for maintenance of Ca homeostasis than in other species, for example rats (Miller, Omura, & Miller, 1989) . In young adult dogs challenged with low Ca supply, bone proved to be the main source of Ca for maintenance of a constant plasma Ca (Wong & Klein, 1984) . Even during long-term trials with low Ca supply, adult dogs had negative Ca balances and did not increase intestinal Ca absorption. However, bone markers indicating resorption (serum CrossLaps) were increased in adult beagles on low Ca diets (Schmitt et al., 2017) , suggesting that dogs rely heavily on bone turnover as a quantitatively important regulatory mechanism of Ca homeostasis. If this is true, changes in bone turn over would be a good explanation for positive Ca balance studies in adult dogs at maintenance, where surplus Ca is apparently digested and not excreted by the urine.
The close relationship between faecal Ca and faecal P can also be explained with bone turnover being involved in the regulation of Ca homeostasis. In all species investigated, there was a linear correlation of variable strength ( Table 4 ), indicating that Ca and P absorption takes place in a more or less fixed ratio. Only if both minerals are present in a fixed ratio, they can be integrated into bone tissue in the form of hydroxyapatite (Ca 5 [PO 4 ] 3 [OH]). In carnivores, the correlation between faecal Ca and faecal P was highly significant and showed the least variation of all species groups investigated.
This strongly hints at the quantitatively more important role of bone turnover in Ca and P homeostasis in carnivores. In herbivores and omnivores with considerably more variance of the regression, bone turnover may not be of such high importance. The similarity between carnivores and chickens regarding the relationship of faecal and intestinal Ca and P (Figure 4 ) can be interpreted in favour of this hypothesis as birds are known to regulate their Ca metabolism to a great degree via bone turnover (Dacke et al., 1993) . In laying hens, medullary bone serves as a short-term storage for Ca consumed during the day which can be mobilized at night for eggshell production (Etches, 1987) .
